Insulin resistance and diabetes might promote neurodegenerative disease, but a molecular link between these disorders is unknown. Many factors are responsible for brain growth, patterning, and survival, including the insulin-insulin-like growth factor (IGF)-signaling cascades that are mediated by tyrosine phosphorylation of insulin receptor substrate (IRS) proteins. Irs2 signaling mediates peripheral insulin action and pancreatic ␤-cell function, and its failure causes diabetes in mice. In this study, we reveal two important roles for Irs2 signaling in the mouse brain. First, disruption of the Irs2 gene reduced neuronal proliferation during development by 50%, which dissociated brain growth from Irs1-dependent body growth. Second, neurofibrillary tangles containing phosphorylated tau accumulated in the hippocampus of old Irs2 knock-out mice, suggesting that Irs2 signaling is neuroprotective. Thus, dysregulation of the Irs2 branch of the insulin-Igf-signaling cascade reveals a molecular link between diabetes and neurodegenerative disease.
Introduction
Among mammals including mice, the size of the brain and its components are related to body size (Finlay and Darlington, 1995) . Patterning and size of the brain are determined by the coordinated proliferation, death, and migration of neuronal precursors in the cerebellum, hippocampus, retinal ganglion, and other regions (Strom and Williams, 1998; Airey et al., 2001; Chenn and Walsh, 2002) . Various factors regulate these processes, including extracellular matrix proteins, immunoglobins, peptide growth factors, inflammatory cytokines, and neurotransmitters (Horner and Gage, 2000) . Developmental signals are especially important, including the sonic hedgehog pathway that balances proliferation or differentiation of neuronal precursors, and the wnt3␤-catenin pathway that controls cell cycle exit (Goldowitz and Hamre, 1998; Chenn and Walsh, 2002) . At least 50% of brain and body growth is mediated by the insulin-Igfsignaling system (Liu et al., 1993) . Various heterologous signals integrate the effect of the insulin-like growth factors (IGFs) with other systems. Cytoskeletal signals might modulate insulin-IGF signaling through the activity of GTPases (Sordella et al., 2002) , and growth hormone upregulates peripheral but not central IGF1 levels, so the body can grow faster than the brain (Lupu et al., 2001) . These relationships provide a molecular basis for understanding species-specific expansion of the brain and body size during development and neonatal growth (Ludwig et al., 1996; Goldowitz and Hamre, 1998) .
The receptors for insulin and IGF1 are tyrosine kinases that mediate phosphorylation of the insulin receptor substrates (IRSs), including Irs1, Irs2, Irs3, and Irs4 (Yamada et al., 1997; Yenush and White, 1997) . Irs1 and Irs2 are widely expressed and mediate insulin action in most tissues (Sun et al., 1992 (Sun et al., , 1995 Bernal et al., 1998) , Irs3 is restricted to rodent adipose tissue but might be missing in people (Lavan et al., 1997; Bjornholm et al., 2002) , and Irs4 is primarily detected in the brain, including the thymus, pituitary, and hypothalamus (Fantin et al., 1999; Uchida et al., 2000) . Irs1 mediates the effects of Igf1 on somatic growth, because Irs1 Ϫ/Ϫ mice are ϳ50% smaller than normal. In contrast, Irs2 Ϫ / Ϫ mice reach nearly normal size (Withers et al., 1999) . Although both Irs1 Ϫ / Ϫ and Irs2 Ϫ / Ϫ mice are insulin resistant, only Irs2 Ϫ / Ϫ mice develop diabetes resulting from impaired pancreatic ␤-cell survival and function (Bruning et al., 1998; Withers et al., 1998 Withers et al., , 1999 Kulkarni et al., 1999; Michael et al., 2000; Previs et al., 2000) . Female Irs2 knock-out mice are infertile and display increased food intake and mild obesity, suggesting that Irs2 signaling also promotes hypothalamic control of appetite and reproduction (Burks et al., 2000) .
Phosphorylated IRS proteins activate multiple signaling pathways, including the phosphatidylinositol 3 (PI3)-kinase and extracellular signal-regulated kinase (ERK) cascades that directly regulate various physiological processes (Saltiel, 2001) . Activation of the PI3-kinase3 Akt cascade promotes neuronal growth and survival by phosphorylating Foxo-transcription factors to regulate gene transcription and phosphorylating Bcl-2-associated death (BAD) protein to inhibit apoptosis (Brunet et al., 1999; Rodgers and Theibert, 2002) . Akt inactivates glycogen synthase kinase-3␤ (GSK3␤), which promotes cellular metabolism, proliferation, and survival (Cross et al., 1995) . Activated PI3-kinase also promotes GABAergic transmission in the prefrontal cortical pyramidal neurons that play a key role in learning and memory (Ma et al., 2003) . Akt also blocks the accumulation of ␤-amyloid plaques and neurofibrillary tangles that are associated with Alzheimer's disease (Kaytor and Orr, 2002 ).
Alzheimer's disease is characterized by progressive memory loss, impaired language, and behavior that culminate in death. Epidemiological studies suggest that insulin resistance and type 2 diabetes increase the risk for age-related cognitive decline (Finch and Cohen, 1997; Carantoni et al., 2000) . Although the long-term sequelae of hyperglycemia, including vascular complications, are frequently implicated as the culprit, defects in the insulin-IGFsignaling system might contribute directly to memory loss and dementia (Stolk et al., 1997; Lovestone, 1999; Ott et al., 1999) . Like diabetes, Alzheimer's disease occurs in many forms, in which most instances are late onset and sporadic, whereas well defined autosomal mutations cause early onset familial Alzheimer's disease (Hoyer, 2002) . The disorder is ordinarily characterized by the accumulation of extracellular deposits of amyloid ␤-peptide that promotes inflammation and the intracellular accumulation of neurofibrillary tangles composed of paired helical filaments assembled from hyperphosphorylated forms of the microtubule-associated protein tau (Lucas et al., 2001; Selkoe, 2001; Weggen et al., 2001; Hardy and Selkoe, 2002) . However, tau neurofibrillary tangles cause frontotemporal dementia without detectable ␤-amyloid plaques, suggesting that ␤-amyloid toxicity might be tau dependent (Selkoe and Podlisny, 2002) . Insulin-IGF-signaling pathways might protect neurons from inflammation caused by ␤-amyloid by decreasing intracellular concentrations of ␤-amyloid (Solano et al., 2000; Gasparini et al., 2001) . Neurons in transgenic mice overexpressing a mutant form of human amyloid precursor protein are resistant to apoptosis and develop ␤-amyloid deposits slowly, resulting from, at least in part, upregulation of insulin-like growth factor-2 and activation of the insulin-IGF-signaling cascade (Stein and Johnson, 2002) . Tau phosphorylation is mediated by several kinases, including GSK3␤ (Hong and Lee, 1997; Lovestone and Reynolds, 1997) . Thus, tau phosphorylation might be a direct consequence of reduced insulin-IGF signaling that occurs during aging.
Here, we reveal two important roles for the Irs2 branch of the insulin-IGF-signaling cascade in the brain. First, Irs2 signaling promotes neuronal proliferation that increases brain size during development. Second, Irs2 signaling promotes the dephosphorylation of tau. Thus, failure of the Irs2 branch of the insulin-IGFsignaling pathway might link neurodegeneration with dysregulated nutrient homeostasis caused by insulin resistance and ␤-cell failure.
Materials and Methods
Mice. The generation of Irs1 and Irs2 knock-out mice has been described previously (Withers et al., 1998 (Withers et al., , 1999 . Intercrosses with mice lacking one copy of the Igf1 receptor were created, and genotyping of the animals was performed by Southern blotting as described previously (Withers et al., 1999) . Mice were maintained on a normal light/dark cycle and handled in accordance with Joslin Diabetes Center Care and Use Committee protocols.
Histology and immunostaining. For immunostaining, animals were perfused for 60 sec with PBS and fixed for 30 min by transcardiac perfusion with 4% paraformaldehyde (PFA). The brains were dissected from perfused animals and postfixed in 4% PFA for 4 hr. Brains were either paraffin embedded or cryoprotected in 30% sucrose, and 5-30 m sections were prepared. Terminal deoxynucleotidyl transferase-mediated biotinylated UTP nick end labeling (TUNEL) assays were performed using the DNA FragEL Kit (Oncogen Research Products, San Diego, CA). Nissl and hematoxylin-eosin (HE) staining as well as immunostaining using anti-glial fibrillary acidic protein (GFAP) (GP-52; Progen, Darra, Queensland, Australia) or anti-bromodeoxyuridine (BrdU) (Boehringer Mannheim, Indianapolis, IN) as primary antibody were performed as described previously. For quantitation, sections were viewed using a Ziess Axiovert S100 microscope and video camera. Counts and analysis were done using Openlab software (Improvision, Lexington, MA).
BrdU incorporation. BrdU (100 g/gm body weight; Boehringer Mannheim) was injected intraperitoneally into pregnant mice [embryonic day (E) 14] or postnatal day (P) 6 pups. Tissues were harvested after 48 hr and fixed in 4% PFA.
Isolation and culture of cerebellar granule cells. Cerebellar granule neurons were isolated from 5-d-old mouse litters. All manipulations were performed at 4°C unless indicated otherwise. Individual cerebella were isolated, the meninges were removed using a dissecting microscope, and the cerebella were washed three times in HHGN solution (1ϫ HBSS, 2.5 mM HEPES, pH 7.4, 35 mM glucose, 4 mM sodium bicarbonate). Cerebella were then incubated in trypsin solution (10 mg/ml of trypsin, 100 g/ml of DNase, in HHGN, pH 7.0, with 0.1N NaOH) for 15 min at room temperature (RT). Cerebella were placed on ice, washed three times in HHGN, and then triturated ϳ25 times with 1 ml of DNase solution [10 g/ml of DNase in basal medium eagle (BME)]. The cells were allowed to settle for 5 min at room temperature, the supernatant was transferred into fresh tubes, and the remaining pellet was triturated with an additional 1 ml of DNase solution for another 25 times. After settling, the supernatants were combined and the cells were centrifuged for 5 min at 1000 ϫ g. Cell pellets were suspended in BME containing 10% fetal bovine serum, 100 U of penicillin-streptomycin, 2 mM glutamine, and 25 mM KCl (culture medium), counted, and plated on poly-D-lysine-coated 96-well plates. After 24 hr, 10 M cytosine arabinoside (araC) was added to the cultures to inhibit proliferation of non-neuronal cells.
Neuronal apoptosis. Apoptosis assays were performed after 96 hr (4 d in vitro). Cerebellar granule cells were washed with serum-free BME containing 0.2% BSA. Cells were then incubated with the indicated factors (IGF1 or BDNF) in BME containing 100 U of penicillin-streptomycin, 2 mM glutamine, 0.2% BSA, and 10 M araC for 24 hr at 37°C. For experiments using LY294002 (LY; 25 M) and PD98059 (PD; 40 M), neurons were washed as described above and preincubated with either LY or PD for 30 min at 37°C. The cells were fixed directly in the wells using 10% (w/v) paraformaldehyde [4% (w/v) final], washed three times with PBS, permeabilized with 0.2% (v/v) Triton X-100, washed twice with PBS, and then incubated with Hoechst dye 33342 (10 g/ml) in PBS for 10 min at RT.
Immunoblotting. For immunoblotting, brains were homogenized in a polytron containing 50 mM Tris-HCl, pH 7.4, 150 mM NaCl, 1% (v/v) NP40, 5 mM EDTA, 5% (v/v) glycerol, 10 g/ml leupeptin, 10 g/ml aprotinin, 1 mM phenylmethylsulfonyl fluoride, and 1 mM Na 3 VO 4 . Protein expression was determined from whole-brain lysates (50 g) dissolved in Laemmli buffer and resolved on 7.5 or 10% SDS-PAGE gels. Proteins were transferred to nitrocellulose; the membrane was blocked with 3% dry milk solution and incubated with the appropriate antisera. Primary antibodies against GFAP (GP-52; Serotec, Indianapolis, IN), protein phosphatase (PP) 2A (multiple subunits; Santa Cruz Biotechnology, Santa Cruz, CA), PP2B catalytic subunit (Santa Cruz Biotechnology), tau 1/2 (Santa Cruz Biotechnology), AT8, and AT180 (Innogenetics, Gent, Belgium) were used. After incubation with protein A-HRP or HRP-labeled secondary antibodies (Santa Cruz Biotechnology), signals were detected using ECL reagents and exposure to x-ray film.
Results

Brain growth in Irs1-and Irs2-deficient mice
The size of nonolfactory brain components varies predictably among vertebrates and is closely related to body size (Finlay and Darlington, 1995) . For 230 different species of mice, the brainbody ratio is 2.1%, and our population of wild-type C57BL/6 mice was indistinguishable from this average value (Table 1) . However, before diabetes developed between 6 and 8 weeks of age, male Irs2 Ϫ/Ϫ mice displayed a nearly normal body size with unexpectedly small brains ( Fig. 1 , Table 1 ). The small brains were detected in Irs2 Ϫ / Ϫ embryos at E16 (Irs2
, 51 Ϯ 6 mg; wild types, 74 Ϯ 1 mg; p Ͻ 0.05) (Fig. 1b) , and 3-4 weeks after birth, the brain/body ratio was only 1.4% (Table 1 ). Deletion of Irs2 had a global effect on brain size because the forebrain, cerebellum, and brainstem decreased proportionally (Table 1 ). In contrast, the brains in Irs1 Ϫ / Ϫ mice were only moderately smaller, and the brain/body ratio was 4.2% ( Fig. 1, Table 1 ), similar to the effect of growth hormone receptor knock-out (Lupu et al., 2001 ). In each case, the smaller skull might limit brain growth. Although male Irs2 Ϫ / Ϫ mice die between 10 and 15 weeks of age because of extreme hyperglycemia, female Irs2 Ϫ / Ϫ mice develop diabetes more slowly and survive for Ն6 months (Burks et al., 2000) . However, longitudinal studies with female mice revealed that brain size remained proportionately small until the experiment was terminated after 5 months (data not shown).
We investigated various aspects of CNS development and structure but failed to reveal specific brain defects. Hematoxylin-eosinstained serial brain sections from Irs2 Ϫ / Ϫ or Irs1 Ϫ / Ϫ mice at 4 weeks of age did not reveal gross structural malformations (Fig. 1c) . The cytoarchitecture of the cortical layers was unchanged in Irs2
and Irs1 Ϫ/Ϫ mice compared with wild-type controls (data not shown). Moreover, the cell surface area of motor neurons in the hypoglossal nucleus and large cell bodies in layer V of the motor cortex of Irs2 Ϫ / Ϫ and Irs1 Ϫ/Ϫ mice was identical to wild-type controls (Table 1) . Immunostaining using antibodies against GFAP at P5, P7, P9, 3 weeks, 6 weeks, and 8 weeks of age revealed no pathological astrocyte activation in Irs2 Ϫ / Ϫ mice (data not shown). These data excluded changes in cell size or brain inflammation as the cause of the small brains in Irs2 Ϫ / Ϫ mice. Because cell density was normal in the different cortical regions of Irs2 Ϫ / Ϫ mice, we hypothesized that the small Irs2 Ϫ / Ϫ brains contained fewer cells and confirmed this hypothesis by counting the cells in dispersed preparations of P5 cerebella (Fig. 1d) .
Apoptosis in IRS protein-deficient neurons
We postulated that the decreased number of cells in the Irs2 Ϫ / Ϫ brain might be attributable to increased apoptosis, because previous studies reveal that IGF1 signaling strongly inhibits neuronal apoptosis (Kaytor and Orr, 2002) . Surprisingly, the number of apoptotic cells detected by TUNEL assays was not increased in Irs2 Ϫ / Ϫ cerebella during prenatal (E12, E14, and E16) or postnatal (P5, P6, P7, P9, 3 weeks, 6 weeks, and 8 weeks) development (Fig. 2a) (data not shown). Apoptosis in situ can be difficult to quantify, so we investigated cultured granule cells obtained from the cerebella to determine whether the deletion of Irs1 or Irs2 accelerates apoptosis. Previous results suggest that activation of the PI3-kinase3 Akt cascade promotes neuronal survival by promoting phosphorylation of GSK3␤, Foxo1, and BAD (Brunet et al., 1999; Kaytor and Orr, 2002) . As shown previously, withdrawal of serum and the reduction of KCl to 5 mM stimulated apoptosis of cultured granule cells (Fig. 2b) . However, apoptosis increased similarly in wild type, Irs1
Ϫ / Ϫ granule cells, suggesting that Irs2 expression was not especially important (Fig. 2b ). IGF1 and BDNF added separately restored normal survival, whereas IGF1 and BDNF added together were even more effective (Fig. 2b) . Moreover, IGF1 was equipotent in supporting the survival of granule cells from wild-type, hemizygous (Irs1 2c,d ), and dose-response studies revealed no differences in IGF1 sensitivity (data not shown). The protective effect of IGF1 was abolished in all genotypes by the PI3-kinase inhibitor LY294002 but not by the MAP kinase kinase inhibitor PD98059 (data not shown). Because apoptosis was not enhanced in Irs2 Ϫ / Ϫ neurons, these data exclude cell death as the molecular basis of the reduced cell number and brain size and suggest that either Irs1 or Irs2 signaling is sufficient or another signaling pathway might contribute.
IRS2 promotes neuronal proliferation
Proliferation of neuronal precursors is critical during brain development, and defects in this process will alter brain size and function. To compare neuronal proliferation within the frontal cortex of wildtype and Irs2 Ϫ / Ϫ mice, BrdU was injected into pregnant females at E14, and the embryonic tissue was harvested 48 hr later. Under these experimental conditions, the total number of BrdU-labeled neurons in Irs2 Ϫ / Ϫ mice decreased 33% compared with wild-type controls (Irs2 ; p ϭ 0.002); experiments conducted at E12 showed similar results (data not shown). Although reduced, the distribution of BrdU-labeled neurons within the developing cortex was normal, Ϫ / Ϫ and wild-type mice at P5. Cerebella were dispersed and the total cell number was determined (n ϭ 6 per group).
suggesting that Irs2 was not required for the migration of newly formed neurons (Fig. 3a,d) .
To study the proliferation of granule cells in neonates, BrdU was injected at P6, and cerebella were harvested 2 d later. (Fig. 3e) . Interestingly, the relative decrease in BrdU labeling (ϳ37% reduction in the frontal cortex) paralleled the reduction in total brain weight, consistent with reduced proliferation as the cause for decreased Irs2 Ϫ / Ϫ brain size. Depth of the folia was also reduced in the Irs2 Ϫ / Ϫ cerebella sections, consistent with reduced neurogenesis (Fig. 3b,c) . Similar experiments with Irs1 Ϫ / Ϫ mice revealed a highly variable reduction in proliferation of granule cells (13.7 Ϯ 6.2%) that was disproportionate to the 50% reduced body size.
Igf1 receptor3Irs2 signaling promotes brain growth
Many studies show that Igf1 promotes brain growth and survival (Recio-Pinto et al., 1984; Dudek et al., 1997) . To determine the relationship between Igf1 receptor (Igf1r) and Irs2 signaling during neurogenesis, we crossed Igf1r 
Igf1r
Ϫ/Ϫ mice die at birth and were not studied (Liu et al., 1993) . Heterozygosity for either Irs2 or Igf1r did not influence brain size, whereas brain size was reduced slightly in Irs2 ϩ/ Ϫ ::Igf1r ϩ/Ϫ mice (Fig. 4a) . The Irs2
ϩ/ Ϫ brains were 15% smaller than the , and wildtype (wt) mice. Quantification of apoptotic nuclei showed the same number per area in all genotypes. b, IGF1 and BDNF protect against neuronal apoptosis in the absence of Irs2. Cerebellar granule cells (P5) were cultured for 4 d in medium containing normal serum. Neurons were then incubated for an additional 24 hr in serum-free media containing 5 mM KCl, 5 mM KCl plus 10 nM IGF1, 5 mM KCl plus 50 ng/ml BDNF, or 25 mM KCL. Cells were stained with Hoechst 33342 and counted. Percentage apoptosis was calculated (n ϭ 3 per genotype and experiment; 3 independent experiments showed similar results). c, Cerebellar granule cells from Irs2 ϩ/Ϫ ϫ Irs2 ϩ/ Ϫ litters (Irs2 ϩ/ Ϫ or Irs2 Ϫ / Ϫ cells) were cultured for 4 d, followed by incubation for 24 hr in serum-free media containing 25 mM KCl plus 10 nM IGF1 (ϩKCl, ϩIGF1), 10 nM IGF1 (ϪKCl, ϩIGF1), 25 mM KCl (ϩKCl, ϪIGF1), or minimal medium (ϪKCl, ϪIGF1) (n ϭ 2 per genotype and experiment; 3 independent experiments showed similar results). d, Cerebellar granule cells from Irs1 ϩ/Ϫ ϫ Irs1 ϩ/ Ϫ litters (Irs1 ϩ/ Ϫ or Irs1 Ϫ / Ϫ cells) were cultured for 4 d, followed by incubation for 24 hr as described in c.
Figure 3. Neuronal proliferation is impaired in Irs2
Ϫ / Ϫ brains. a, Four pregnant mice were injected intraperitoneally with BrdU at E14, and the embryos were harvested after 48 hr. Serial sections of the frontal cortex were obtained, and the total number of BrdU-labeled neurons per area was quantified using the Openlab software (Improvision). b, Mice (P6) were injected with BrdU, brains were fixed after 24 hr, and cryostat sections of the cerebellum were obtained (n ϭ 4 per group). Sections were stained using an anti-BrdU antibody (Boehringer Mannheim). Labeled neurons were counted using the Openlab software (Improvision). c, Enlargement of b, demonstrating labeled neuronsintheouterandinnergranulelayer.d,e,QuantificationofBrdU-labeledcellsinthefrontalcortex (d) and cerebellum (e) from wild-type (wt) or Irs2 Ϫ/Ϫ sections.
Irs2
Ϫ / Ϫ brains (Fig. 4a) ; however, the corresponding decrease in brain/body ratio was not significant (Fig. 4b) . Consistent with these results, ϳ46% less Irs2 Ϫ / Ϫ cerebella granule cells were labeled by BrdU in P6 brains and further reduced in Irs2 (Fig. 4c) .
Apoptosis, assessed by TUNEL assays at various stages of development (E14, E16, P5, P8, 3 weeks, and 6 weeks of age), was not altered in any of the viable genotypes. Moreover, the ability of Igf1 and BDNF to prevent apoptosis was unchanged in cultured cerebella granule cells from these mice (Fig. 4d) 
Ϫ / Ϫ mice, suggesting that the Igf1r3Irs2 signal did not control cell size (Fig. 4c) .
Tau is phosphorylated in the Irs2
؊ / ؊ brain Alzheimer's disease is characterized by dysregulated metabolism that includes the accumulation of amyloid ␤-peptide and neurofibrillary tangles containing phosphorylated tau protein (Gasparini et al., 2002; Hardy and Selkoe, 2002; Hoyer, 2002) . Phosphorylated tau accumulates in the hippocampus of patients with Alzheimer's disease and is thought to contribute to the neuronal degeneration (Hardy and Selkoe, 2002) . Recent evidence suggests that dysfunction of the insulin-Igf-signaling cascade might contribute to this disorder (Gasparini et al., 2002; Liolitsa et al., 2002) . Because activation of the insulin-IGF-signaling cascade promotes dephosphorylation of tau, we determined whether tau phosphorylation was increased in Irs2 Ϫ / Ϫ brains. Tau was detected by immunoblotting in both wild-type and Irs2 Ϫ / Ϫ brain extracts at 6 weeks of age. Tau isolated from the Irs2 Ϫ / Ϫ brain migrated more slowly during SDS-PAGE, suggesting that it might be highly phosphorylated (Fig. 5a ). Tau is phosphorylated at multiple sites including Ser 202 and Thr 231 , but phosphorylation of Ser 202 , detectable with phosphospecific antibody AT8, correlates closely with neurodegeneration (Kaytor and Orr, 2002) . The phosphorylation of Ser 202 was significantly increased in Irs2 Ϫ / Ϫ extracts, whereas phosphorylation of Thr 231 was not changed (Fig. 5a ). Ser 202 phosphorylation was not increased at 4 weeks of age but was readily detected at 6 weeks of age (Fig. 5b) .
Tau is phosphorylated on Ser 202 by GSK3␤, and insulin-Igf inhibits tau phosphorylation by inhibiting GSK3␤ activity through Akt-mediated phosphorylation on Ser 9 (Kaytor and Orr, 2002) . However, GSK3␤ is probably not directly phosphorylating tau in Irs2 Ϫ / Ϫ mice, because its expression was normal at 6 weeks of age, and the inhibitory Ser 9 phosphorylation was increased (Fig. 5c ). Other kinases that might be involved, including CDK5 (cyclin-dependent kinase 5), MAPK (mitogen-activated protein kinase), or casein kinase-1, were not investigated. Protein phosphatase 2A dephosphorylates Ser 202 on tau, and its activity might be essential to block the accumulation of phospho-tau (Sontag et al., 1996 (Sontag et al., , 1999 . PP2A is composed of a regulatory and catalytic subunit asso- ciated with a scaffold subunit (PR65) that stabilizes the catalytic complex. Consistent with increased phosphorylation of Ser 202 , the level of PP2A catalytic subunit was significantly reduced in Irs2 Ϫ / Ϫ brain extracts, and PR65 was barely detected (Fig. 5d) . Thus, disruption of the PP2A complex might contribute to tau phosphorylation in Irs2 Ϫ / Ϫ brains.
Phosphorylated tau accumulates in old Irs2
؊ / ؊ brains It is difficult to validate whether hyperphosphorylated tau forms neurofibrillary tangles in old Irs2 Ϫ / Ϫ brains because Irs2 Ϫ / Ϫ mice die from diabetes between 10 and 15 weeks of age (Withers et al., 1998) . To study the effect of Irs2 deficiency in the brains of older mice, we restored ␤-cell function by crossing Irs2 Ϫ / Ϫ mice with transgenic mice expressing Pdx1 (Dutta et al., 2001) . Pdx1 is a transcription factor that is critical for ␤-cell function because it regulates pancreas development and promotes ␤-cell function in adults (Kushner et al., 2002) . Pdx1 expression is significantly reduced in Irs2 Ϫ / Ϫ ␤-cells, but transgenic expression of Pdx1 in Irs2 Ϫ / Ϫ pancreas restores ␤-cell function and glucosestimulated insulin secretion (Kushner et al., 2002) . Thus, glucose tolerance of Irs2 Ϫ / Ϫ ::Pdx1 tg improves significantly, and the mice survive for nearly 2 years (Fig. 6a) .
Similar to young Irs2 Ϫ / Ϫ mice, Irs2
::Pdx1 tg mice have small brains (Fig. 6b) . Moreover, whole-brain lysates from 16-month-old Irs2
::Pdx1 tg mice contain elevated levels of phosphorylated tau, compared with age-matched wild-type and Pdx1 transgenic mice (Fig. 6c) . Immunostaining, using the AT8 antibody, revealed increased axonal staining and cytoplasmic deposits of phosphorylated tau in Irs2 Ϫ / Ϫ ::Pdx1 tg hippocampus sections compared with wild type and Pdx1 tg between 12 and 16 months of age (Fig. 7) . Although tau was hyperphosphorylated in young Irs2 Ϫ / Ϫ ::Pdx1 tg mice, cytoplasmic deposits were only detected after 12 months and almost entirely in the hippocampus (Fig. 7) . Thus, Irs2 deficiency was associated with increased tau phosphorylation that progressed to cytoplasmic deposits during aging, even when diabetes was prevented. However, up to 16 months of age, TUNEL assays and glial fibrillary acidic protein staining did not reveal increased apoptosis, suggesting that the accumulation of hyperphosphorylated tau in the Irs2 Ϫ / Ϫ brain did not reach cytotoxic levels in our experiments.
Discussion
The insulin-IGF1-signaling system has been recognized for a long time to play a critical role in the determination of body size (Birnbaum, 2002) . Insulin and IGF1 signals are coordinated by tyrosine phosphorylation of homologous insulin receptor substrates Irs1 and Irs2 (White, 2002) . Although both substrates have a similar composition, the Igf1r3 Irs2 branch of the pathway is entirely responsible for the effects of IGF1r on brain size. Moreover, Irs2 protects the aging brain from accumulation of phosphorylated tau that might form neurofibrillary tangles. These results are consistent with the role of Igf1 for neuronal proliferation in vivo and in vitro (DiCicco-Bloom and Black, 1988; Zackenfels et al., 1995; Ye et al., 1996; Anlar et al., 1999; Dentremont et al., 1999; Aberg et al., 2000; Pixley et al., 2000) and the ability of insulin or Igf1 to reduce tau phosphorylation in cultured neurons through a PI3-kinase-dependent mechanism (Hong and Lee, 1997) . Because Irs2 signaling also mediates peripheral insulin action and promotes pancreatic ␤-cell function, dysregulation of Irs2 signaling provides a molecular basis for understanding the relationship between neurodegeneration and peripheral insulin resistance and diabetes (Gasparini et al., 2002) .
We were surprised to find that brain and body growth diverge at the IRS proteins. Thus, upregulation of Irs2 might increase brain size with a minimal effect on the body, providing a mechanism for adaptive increase in brain size without a proportional increase in body size. This mechanism contrasts the growth hormone (GH)/GH receptor 3 Igf1/Igf1r3 Irs1 pathway that promotes body growth. Because Irs2 is also critical for pancreatic ␤-cell growth, survival, and function, the increased demand for nutrients caused by a large brain might be compensated by increased ␤-cell capacity. However, this relationship might be problematic because the failure of Irs2 signaling, resulting from a predetermined genetic program, chronic inflammation, or aging, might link insulin resistance syndromes and diabetes to neurodegeneration.
In cell-based experiments, insulin and IGF1 promote proliferation, increase neurite growth, and stimulate protein synthesis (Recio-Pinto et al., 1984; Mill et al., 1985; Fernyhough et al., 1989; Heidenreich and Toledo, 1989; Dudek et al., 1997) . Our results show that Irs2 plays a unique role in the proliferative branch of the Igf1 signal in brain. Embryonic brain size is 55% of normal (N) in mice lacking Igf1r, and Irs2 mediates most or all of this effect. Hemizygous disruption of the Igf1r has no effect on brain size, but without Irs2, the Igf1r ϩ/Ϫ brain was also 55%N. Although complete disruption of Irs2 in Igf1r Ϫ / Ϫ mice is usually embryonic lethal, it does not further reduce brain size at E16, suggesting that the effect of Igf1 on embryonic brain growth is mediated entirely by the Irs2 branch of the pathway.
Insulin and IGF1 strongly promote neuronal survival in vitro (Russell et al., 1998; Anlar et al., 1999) . IGF1 activates Akt to promote BAD phosphorylation and its association with 14 -3-3 to release and activate Bcl-2 Brunet et al., 1999) . However, in our experience, the lack of either Irs2 or Irs1 does not reduce survival of cultured cerebella granule cells, and Igf1 or Bdnf prevents apoptosis normally in cerebella granule cells lacking Irs1 or Irs2. Thus, Irs1 and Irs2 might be exactly redundant regarding Igf1-mediated anti-apoptosis, or other Igfmediated signals might be involved.
Similar to mice, IGF1 deficiency in people causes mental retardation and microcephaly, suggesting that IGF1 has a critical role in human brain development (Woods et al., 1996) . Direct evidence that Irs2 plays a role in human brain growth is not available. However, breaks at the distal end of human chromosome 13 (13q) near the IRS2 gene between microsatellite D13S285 and D13S1295 are frequently associated with microcephaly (Towfighi et al., 1987; Bektas et al., 1999) . Interestingly, very distal deletions between D13S274 and D13S1311 are associated with microcephaly and neural tube defects, suggesting that partial Irs2 deficiency might contribute at least in part to the observed microcephaly (Luo et al., 2000) . Because the elimination of the Igf1r3 Irs2 signaling pathway in people or mice does not cause anencephaly, neurogenesis needed to establish the basic brain pattern, including fibroblast growth factors, sonic hedgehog, and wnt3␤-catenin signaling is independent of Igf3 Irs2 signaling cascade (Vaccarino et al., 1999) .
The molecular basis for the distinct functions of Irs1 and Irs2 during neuronal proliferation and survival in the brain is not clear. Both proteins have similar composition, including a pleckstrin homology domain and a phosphotyrosine-binding domain that couple to activated receptors, and a tail of tyrosine phosphorylation sites that engage SH2 domains in various signaling proteins (Yenush and White, 1997) . Cell-based experimental systems such as 32D myeloid progenitor cells fail to show clear differences in the regulation of downstream signaling pathways, including the PI3-kinase or the ERK cascade (Uchida et al., 2000) . In vitro cultured neurons used in this study also failed to reveal the specificity for Irs1 or Irs2 during IGF1-stimulated anti-apoptosis. However, regulatory differences are likely to exist at the level of gene regulation, message stability and translation, protein stability, and interactions with upstream and downstream elements. Controlling these processes might provide ways to treat certain diseases.
Cognitive impairment is common in diabetes, and cerebral atrophy is common among young, otherwise healthy patients with type 1 diabetes (Sharma et al., 2003) . Moreover, diabetes is associated with an increased incidence of Alzheimer's disease, suggesting that abnormal insulin signaling might contribute to dementia (Frolich et al., 1999; Blass et al., 2002; Gasparini et al., 2002; Hoyer, 2002) . Activation of the insulin signaling machinery might be important for many aspects of neuronal function. In prefrontal cortical pyramidal neurons, insulin signaling promotes GABAergic transmission that facilitates learning and memory (Ma et al., 2003) . An important marker of Alzheimer's disease and other brain dysfunctions is the accumulation of neurofibrillary lesions composed of hyperphosphorylated tau (Spillantini and Goedert, 1998) . Tau is a neuronal microtubuleassociated protein found predominantly in axons, where it promotes tubulin polymerization and stabilizes microtubules (Recio-Pinto et al., 1984; Binder et al., 1985; Drechsel et al., 1992) . Because the disruption of Irs2 signaling promotes tau phosphorylation in the mouse hippocampus, dysregulated Irs2 signaling might be a common link between this marker of neurodegeneration and peripheral insulin resistance or diabetes.
A direct role for dysregulated signal transduction in the background of diabetes is difficult to establish because of multiple metabolic changes during peripheral insulin resistance and hyperglycemia. Even male Irs2 Ϫ / Ϫ mice cannot be studied in old age because they die between 12 and 15 weeks of age. Normalization of ␤-cell function by transgenic expression of Pdx1 in the pancreas of Irs2 Ϫ/Ϫ mice prevents the onset of diabetes (Kushner et al., 2002) . However, as the euglycemic Irs2 Ϫ / Ϫ ::Pdx1 tg mice age, neurofibrillary tangles containing phosphorylated tau accumulate in the hippocampus (Kushner et al., 2002) . Thus, failure of Irs2 signaling in peripheral tissues and the brain reveals a potential mechanism to link insulin resistance and neurodegeneration without diabetes (Hoyer, 2002) .
Several kinases are reported to phosphorylate tau, including Gsk3␤, Cdk5, and probably others (Lee et al., 2000; Kaytor and Orr, 2002) . Gsk3␤ is thought to play an important role in tau phosphorylation, but its activity is not elevated in Irs2 Ϫ / Ϫ brains. Gsk3␤ transcript level [estimated from Affymetrix (Santa Clara, CA) MGU74v2 arrays; data not shown] and protein level were normal, and its specific activity is probably reduced because of elevated phosphorylation of Ser 9 (we did not assess a possible role for Cdk5). However, tau phosphorylation might be increased by relative inactivation of PP2A in Irs2 Ϫ / Ϫ brains. PP2A associates with tau and dephosphorylates Ser 202 (Garcia et al., 2000) , and in Irs2 Ϫ / Ϫ brains, its catalytic and scaffold subunits are significantly reduced. However, direct experiments are required to establish the biochemical mechanism of tau hyperphosphorylation in Irs2 Ϫ / Ϫ brains. The accumulation of ␤-amyloid deposits is also an important characteristic of Alzheimer's disease, and several reports suggest that amyloid ␤-peptide plaques are associated with the accumulation of phosphorylated tau (Hardy and Selkoe, 2002) . Amyloid ␤-peptide plaques activate microglial and astrocytes that cause inflammation in the brain (Selkoe and Podlisny, 2002) . Many proinflammatory signaling pathways inhibit the activity of Irs proteins by promoting Jnk-mediated serine phosphorylation or Socs-mediated ubiquitination (Aguirre et al., 2002; Rui et al., 2002) . The inhibition of Irs2 signaling by ␤-amyloid-induced inflammation might provide a molecular link between these hallmarks of Alzheimer's disease. Because the murine ortholog of human ␤-amyloid fails to form deposits, we are unable to comment on the possibility that Irs2 Ϫ / Ϫ brains are prone to ␤-amyloid deposition.
In summary, our results show that Igf1r3 Irs2 signaling is important for brain size by promoting proliferation during development. Moreover, during aging, defects in Irs2 signaling might contribute to the pathobiology of neurodegenerative disorders such as Alzheimer's disease. Because Irs2 signaling is also required for pancreatic ␤-cell growth and function, failure of Irs2 might be a common link between dysregulated peripheral nutrient homeostasis and neurodegeneration. Lifestyle changes or drugs that promote Irs2 signaling might provide a rational approach to treat the complications of insulin resistance, including diabetes and neurodegeneration.
